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IN CARBON DIOXIDE INCLUDING INTERDEPENDENT
DISSOCIATION AND IONTZATION PROCESSES

By John T. Howe and Yvonne S. Sheaffer
SUMMARY

Collision theory is used to estimate chemical reaction rate coefficients for
the dissociation of COs and CO and for the ionization of CO, O, and C. The
estimated coefficients are used to obtain solutions for the interdependent dis-
sociation and ionization processes of CO> and its components (including eight
chemical species) coupled with the fluid flow behind a normal shock wave. Solu-
tions of both the nonequilibrium chemical relaxation region behind the shock wave
and the asymptotic equilibrium conditions are obtained for shock speeds ranging
from 9 to 20 kilometers per second and ambient densities of 1072 to 10~* standard
earth atmosphere density. Results are presented in the form of flow-field pro-
files of pressure, temperature, density, enthalpy, velocity, species concentra-
tion, and relaxation distance behind the shock. In addition, tables and graphs
of asymptotic equilibrium properties and composition are presented. The effects
of the state of internal excitation on the chemically relaxing flow field are
investigated.

INTRODUCTION

The dissociative relaxation of carbon dioxide and its effect on the flow
field behind normal shock waves at speeds up to about 10 kilometers per second
was examined in references 1 and 2. However, at speeds above (as well as speeds
slightly lower than) 10 kilometers per second, ionizing reactions become impor-
tant to the chemical relaxation process. The charged particles produced by these
reactions are of special interest from the point of view of their effects on
energy transport in the reacting mixture and on commnications blackout problems
associated with planetary atmosphere entry.

The present analysis includes dissociation reactions for COz and CO and
ionization reactions for CO, C, and O. Thus, results include typical profiles cof
charged particle concentration in the relaxation region behind the shock where
the flow is not in chemical equilibrium as well as the equilibrium concentration
of charged particles over a broad range of shock speed and ambient density.

In order to study nonequilibrium chemical effects in COs, it is necessary to
know something about the reactions which occur and the rates at which they pro-
ceed. Although some experimental data on the chemical kinetics of COp exist for
temperatures below 2700° K (refs. 3, L, and 5), we do not know of any definitive
experimentally obtained reaction rate data for COs and its components at the high
temperatures encountered behind strong shock waves. For this reason, it is



necessary to postulate the chemical reactions and to estimate thelr rate coeffi-
cients with the aid of collision theory, as was the case in references 1 and 2.
The reaction rate coefficients are all estimated in the same way and are at least
self consistent. The chemical relaxation results obtained with these rate coef-
ficients are considered to be first estimates.

The situation with regard to the prediction of equilibrium properties and
composition behind shock waves in COs 1s considerably better. The equilibrium
results presented in the paper do not depend on the reaction rate estimates.
The equilibrium properties are obtained by a direct calculation procedure for a
specified shock speed and ambient density.

SYMBOLS
A Avogadro's number
a defined by equation (AS5)
azy number of atoms of type 2 1n species 1
Bey coefficient in equilibrium coefficient expression (25) for reaction r
Bfr coefficient in forward reaction rate expression (24) for reaction =
b defined by equation (A6)
Cp specific heat at constant pressure (per mass basis)
ep specific heat at constant pressure (per mole basis)
c defined by equation (A7)
d average diameter of two colliding particles
Ecr energy in equilibrium coefficient expression (25) for reaction =
Efr activiation energy in forward reaction rate coefficient (2k4) for
reaction r
h static enthalpy (per mass basis)
h static enthalpy (per mole basis)
%2 enthalpy of formation of species i (per mole basis)
%_‘{Z defined by equation (A2)
Kep equilibrium coefficient for reaction r
kfr forward reaction rate coefficient for reaction r



total number of species (eq. (4))
typical collision partner

molecular weight of species i

-1
reduced molecular weight < L + L >
M; My

k
E:ni, number of moles of mixture per unit mass of mixture

i=1

number of moles of species 1 per unit mass of mixture
transition probability or steric factor

static pressure

universal gas constant, 1.98717x10-2 kcal/g mole °K

number of classical sqgphared terms of energy contributing to reaction

absolute temperature
velocity in x direction
a chemlcal species

distance behind the shock

forward stoichiometric coefficient and exponent in equations (24) and (25)

backward stoichiometric coefficient

pw/ps, density ratio across shock

defined by equation (3L4)

mass density of gas mixture

standard or sea-level atmosphere density, 1.225%10~3 g/cm3

constant in equation (23)

Superscripts

per mole basis

equilibrium value



Subscripts

b backward
- forward
i spegies i; 1 = 1 through 8 corresponds to COz, CO, O, C, CO+, O+J C+,
e , respectively
=1 temperatures less than or equal to Tyer
1= temperatures greater than Tyear
M typical collision partner
o] reference or sea-level condition
r rth reaction; r = 1 through 5 shown in equations (17) through (21)
ref reference temperature, 12,5000 K
s conditions immediately behind shock
00 conditions ahead of shock
ANATYSTS

Differential Equations

The flow model chosen for analysis is that of
a normal shock wave moving at velocity, u,, into
Uoo u quiescent COp at ambient density, p,. The corre-
_— —_— sponding flow field as seen by an observer travel-
Poo P ing with the shock is shown in sketch (a).

Shock The equations describing the flow field behind

the shock are statements of conservation of mass,
Sketch (a) the momentum theorem, and conservation of energy
and are, respectively,

pU = p U, = constant (1)
du dp

u — = - —= 2

o (2)




and

ax dx

where transport phenomens have been neglected in equations (2) and (3). The
enthalpy of the mixture of reacting species is

k
hip,p,ny + « « , nx) = Z n3if; (4)
i=1
and
i
n n
hi =f 8p, 4T +ng (5)
/o) 1

In equation (L), enthalpy is assumed to be a function of pressure, density,
and chemical composition, but not a function of the vibrational or electronic
states of the molecules. As in references 1 and 2, behind the shock we assume
that the specific heat at constant pressure for each species is constant at its
fully excited classical valuye?’ (58/2 for atoms, ions, and electrons, 9R/2 for
diatomic molecules, and 7. SR for linear triatomic molecules (ref. 6)). The
equation of state is needed and is

k
P = pﬁTzz ni (6)

and T)

k 2 k
dnj Z P dnj no dni
X 5 & *oax
du u i=1 i=1 i=1
= = - - (7
dax k A k k A k A
C Cp A Cp
1 1 . 1 RT 1
i W\~ /)~ ni ni ny
s R . — R R
1 _ PuE i=1 i=1 i=1 i=1
D k 2
by
i AT
i=1 R

1Tt is shown in the appendix that, for the high shock speeds considered,
this assumption of full vibrational excitation leads to essentially the same
results in the equilibrium and most of the nonequilibrium flow field as the
assumptions of no vibrational excitation or of complete vibrational and elec-
tronic excitation.



which shows coupling between the chemical relaxation processes and the flow
field. The chemical rate equations for the reaction r

k k
Ky
z ap 1Ky 2 Z Br,1%1 (8)
S ky, =
i=1 r i=1

are expressed in the usual form (ref. 7 or 8)

dnj 1 }2 Ty, i 1 Br, i
—_= = (Bp i - ap 1)kf [ﬂ'(pn') >* - — I (pny) 7 ] (9)
ax ou 2 r,i P e e A Koy i i

If there are m types of atoms in addition to free electrons, (m + 1) of equa-
tion (9) can be replaced by m statements of conservation of atoms (in this
case carbon and oxygen) of the form

k k
z gz 0 = Z 87401 (10)
i i

plus one statement that the number of ions equals the number of electrons (only
singly ionized species are considered). In applying equation (lO), we consider
an atomic ion to be equivalent to 1 atom of the appropriate species. It is noted
that equation (10) can be differentiated to provide m values of dni/dx for
use in equation (7).

Boundary conditions for the flow equations (7), (2), and (3) are obtained
from the normal shock relations and are for x =0

U = Ug = €Uy (11)

D =Dy = p (Ll - €) (12)
n 1

h =hg =n (8 T + 1Y) = hy + é-umz(l - €2) (13)

where the strong shock approximations have been used for boundary condition (12),
and it has been assumed that CO- does not dissociate in passing through the shock
wave in boundary condition (13). Consistent with the latter are the boundary
conditions on the chemical rate equations (9) which are at x =0

n; =N = L)t (1)

Np = Ng = Ng = N5 = Ng = 07 = Ng = 0 (15)



Combining boundary conditions (11), (12), (13), and the equation of state (6)
yields the expression for e needed for evaluating the boundary conditions (11),
(12), and (13)

-1

e=<2%-1> (16)

R

The set of differential equations with their boundary conditions describing
the interrelated chemical and flow processes in that part of the flow field
behind the shock that is not in chemical equilibrium is thus complete, and we
turn our attention to the chemical reactions themselves and the rates at which
they proceed.

Chemical Reactions

The reactions assumed for the dissociation, ionization, and recombination of
COs and its components are

rl COs +MZCO +0+M (17)

2 CO+M2C +0+M (18)
r=( 3 CO +M2COT +e” +M (19)
4 0 +M20  +e” + M (20)

s C+M2C +e +M (21)

where M 1is a typical collision partner. Although it may be expected that
electrons are more efficient than the large particles in producing ilonizing
reactions, no attempt is made to distinguish between electrons and larger
particles as collision partners® and

ny = n (22)

2For argon, it is generally agreed that electron collision partners are
important to the rate at which equilibrium is approached behind shock waves,
although there is little agreement as to the mechanism for initiating ionization
(refs. 9 - 13).

For air at shock speeds up to 10 km/sec, ionizing processes listed in order
of decreasing importance are atom-atom collisions, photoionization, electron
impact, atom-molecule, and molecule-molecule collisions according to reference 14.
However, the importance of electron impact is increasing with shock speed.

For carbon dioxide, although the lonization rate coefficients with electron
collision partners are conceivably an order of magnitude larger than those with
large particle collision partners, we do not know either within an order of
magnitude and thus do not attempt to distinguish between them.



The rate at which reactions (17) through (21) proceed to the right is character-
ized by the forward reaction rate coefficient expressed either in the form given

by collision theory

i/ 2 A
2PAd2 Qn:R Ef ~t _(Bp,/RT)
kfr = O.(S l € (23)
or in the Arrhenius form
af,. -(Ef.,./RT
ke, - Be, T ¥ e £2/R0) (24)

The backward reaction rate is included in the equilibrium coefficient

deyp e-(Ecr/ﬁT)

k—B s QL .
= p 6" 7L = Be T (25)

Subsequently, we want to calculate the chemical equilibrium conditions which
the chemically relaxing flow approaches asymptotically.

Equilibrium Conditions

The 13 equilibrium properties of interest include the flow velocity wu,
thermodynamic properties D, p, and T, and chemical concentrations @W, fi; ... fg.
They are obtained from the simultaneous solution of the following 13 algebraic

equations. By definition
8
) @ (26)

i=1
Statements of conservation of oxygen and carbon atoms are
Nz = 2n34 -~ 23 - Np - 05 - g (27)
and
N4 =N  ~ O3 - Hp - O - O7 (28)
The number of moles of electrons equals the number of moles of ions and therefore

HB = ES + ﬁs + H'? (29)



The equation of state is

P - aRT (30)
o}
The strong shock relations give
P = oglo(tie - T) (31)
8 n
C
1 - — Y — A
mef ¢ 22 ) = ) m [(52) f s 69 (32)
i=1 R
— P U
7= -2 (33)
D

The remaining five equations will not be listed, but are simply equation (25)
written for the five reactions (17) through (21).

Method of Scolution

Solutions for the nonequilibrium flow field were obtained by numerical
integration of the differential equations (2), (3), (7), and (9) subject to
boundary conditions (11) through (15) making use of equations (1), (6),
and (16). The integration was performed on the IBM 7090 digital computer,
making use of the Adams-Moulton predictor-corrector variable step integration
scheme (ref. 15). Values of dissociation energy and some of the other physical
constants employed in the analysis were eilther obtained or estimated from
information in references 16 and 17. The rate and equilibrium coefficients will
be presented subsequently.

The set of 13 equilibrium equations ((26) through (33) plus the five
egs. (25) in which r +takes on the value 1 through 5), some of which are non-
linear and transcendental, were solved in a direct way by the Newton-Raphson
method (ref. 18, p. 213). In addition, the results were verified by the method
of tracing the locus of roots described in reference 19.

DISCUSSION OF RESULTS

The results of the chemical reaction rate coefficient estimates, and
equilibrium coefficient and equilibrium property computation are presented first.
Subsequently, some typical nonequilibrium chemical and flow field profiles and
the relaxation distance are presented and discussed.



Chemical Kinetics and Equilibrium Results

Reaction rate coefficients.- The estimated values of the constants in the
forward reaction rate coefficients were obtained with the aid of collision theory
and are listed in table I in the Arrhenius form (eq. (24)) As in references 1
and 2, it has been assumed for present purposes that P = = 1 in the forward
reactlon rate coefficient expression (23), and that the actlvatlon energy equals
the reaction energy. An equivalent assumption is that collision of pairs having
total energy in a specific degree of freedom (such as translation) equal to or
greater than the reaction energy will result in a reaction (ref. 20). The neg-
lected effect that reaction rates tend to be lowered because not every such
collision results in & reaction (i.e., P is actually less than unity) is com-
pensated to some extent by the neglected effect thalt reaction rates tend to be
raised because more than one degree of freedom may participate in the reaction
(i.e., s 1is actually greater than 1). For these reasons (which are discussed
more fully in ref. 1) and for lack of experimental evidence, we estimate reaction
rates in accord with the above assumption, and the result appears in figure 1.

At a temperature of about 20,000° K, the rate coefficients of the various
reactions exhibit rather large over-all differences (~102 for example). Since
the colliding pairs (electrons excepted) do not differ greatly in size or molec-
ular weight, the large spread in the rate coefficients at low temperatures is
attributable to differences in the activation energy E@r which appears as part

of the exponent in equation (24), At high temperatures, however, the entire
exponent Efr/RT is small so that differences in activation energy are of dimin-
ishing importance and kf ~ T (~T1/2 in accord with the assumption s = 1).
Thus at a high temperature, the various reaction rate coefficient estimates do
not differ greatly from one another (they differ by a factor of less than 2 at
lSO,OOOO K) as can be seen in the figure. The coefficients over this entire
temperature range were required for estimation of the flow profiles in the non-
equilibrium zone discussed below,

Equilibrium results.- The equilibrium coefficients were obtained by
empirically fitting data obtained from references 16 and 17 by use of the far
right side of equation (25). The resulting values of the parameters in equa-
tion (25) are shown in table I, and the equilibrium coefficients themselves are

shown in figure 2.

A summary of the equilibrium composition and properties behind normal shock
waves obtained by use of the equilibrium coefficients and equations (26)
through (33) (plus five egs. (25)) is presented in table II. Two values of each
equilibrium property are presented for each shock speed and ambient density. The
two values are identified by "index" 1 and 2 corresponding, respectively, to the
fully excited classical specific heat assumption and a "revised model" for
specific heat presented in the appendix. The two values do not differ from one
another to a significant extent.

A few of the equilibrium properties behind the shock wave are presented
graphically in figures 3 through 6. Equilibrium values of pressure and enthalpy
are not presented because they are almost the same as the nonequilibrium values
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occurring just behind the shock calculated by equations (12) and (13), respec-
tively. On the other hand, values of equilibrium density and temperature are
quite different from the nonequilibrium properties just behind the shock wave.
Equilibrium density is shown as a function of ambient density and shock speed in
figure 3. It is seen to be a relatively weak function of shock speed. It can
be seen that 5/930 would be asbout the same for all of these cases. It varies
from sbout 21 (at 9 km/sec for p_ = 1.225X1077 g/em®) to about 11 (at 20 kxm/sec
for p = 1.225%x10-° g/cm?). At the lowest ambient density in figure 3

(0 = 1.225%10°7 g/em®) the curve has been cut off at 15 km/sec because doubly
ionized species, which have been neglected, should be present in appreciable
quantities. The values of equilibrium temperatures are presented in the same
way in figure k.

The concentration of free electrons is of special interest from the point
of view of both convective and radiative heating, and commnications blackout
problems associlated with planetary atmosphere entry. Equilibrium electron con-
centrations in terms of mole fractions are presented in figure 5. The limiting
concentration is 0.5 for electrons (or ions) because only singly ionizing reac-
tions were considered. The actual equilibrium number concentration of electrons
(or ions) is shown in figure 6. For ambient density of 10°7 to 107> g/cm3, the
nurber of free electrons (or ions) varies from about 5x10* to 5x10'® per cubic
centimeter over the speed range 9 to 20 km/sec.

Chemically Relaxing Flow Field

Profiles of thermodynamic, kinematic and chemical quantities in the
nonequilibrium part of the flow field behind the shock were obtained by integra-
tion of equations (2), (3), (7), and (9) subject to their boundary conditions
and with the use of the chemical rate coefficient estimates.

A solution for a high shock speed and low ambient density (15 km/sec and
Qm/po = 107%, respectively) is shown in figure 7. In figure 7(a), all quantities
have been made dimensionless with respect to their values immediately behind the
shock wave. As chemical relaxation proceeds (increasing x), temperature dimin-
ishes monotonically. On the other hand, particle velocity first increases and
then decreases while density varies in the opposite way with increasing distance
behind the shock wave. This behavior has been discussed in reference 1. The
variation of pressure and enthalpy in the flow field is very small as would be
expected from the appendix of reference 1.

The mole fraction profiles of the eight chemical species are shown in
figure 7(b). It is seen that COp vanishes a short distance behind the shock
wave., Both CO and O rapidly increase in concentration for a short distance
behind the shock wave and then diminish because of further dissociation and
ionization processes. Electrons are the predominant species in the flow field

11



for x greater than half a millimeter.® Although the nonequilibrium electron
concentration has overshot the equilibrium value, it does approach that value
when x dis large. This behavior will be observed in subsequent examples as
well, It is interesting to see that the concentration of atomic oxygen remains

high in much of the relaxation region.

Profiles for a lower shock speed (9 km/sec) at the same low ambient density
(pm/pO = 107%) are shown in figure 8. It is noted that the density is far from
its equilibrium value 10 cm behind the shock (fig. 8(a)). The dominant species
in most of the relaxation region is atomic oxygen (fig. 8(b)). Interestingly,
it achieves an almost constant value only 3 mm behind the shock in spite of the
fact that CO is still dissociating into C and 0. Thus the ionization of atomic
oxygen keeps pace with the production of atomic oxygen throughout most of the
relaxation region, The concentration of electrons and ions is relatively small
at this low shock speed. This figure may be compared with figure 5 of refer-
ence 1, in which ionization reactions were neglected. The thermodynamic and
flow-field structure is much the same in either case, although the over-all con-
centration of the nonionized species is higher in that reference, as would be

expected.

Results for a high-speed shock wave (ue, = 15 km/sec) at an intermediate
anbilent density level (gw/po = 1073) are shown in figure 9. The result is much
like that of figure 7 at the same speed, but a decade lower ambient density.
The comments pertaining to figure 7 also apply to figure 9, except that the
chemical relaxation takes place in a shorter distance behind the shock.

Finally, examples for high- and low-speed shock waves at ambient density
still another decade higher are shown in figures 10 and 1l. The same general
comments apply as in figures 7 and 8. The relaxation distance is considerably
shorter at this higher density. It is interesting to observe for the low-speed
example of figure 11 that some electrons are produced in the relaxation region,
but that they tend to recombine with ions as the flow approaches equilibrium.

The results of a large number of examples can be summarized in terms of a
chemical relaxation distance.

Relaxation Distance

The chemical relaxation distance can be defined as the distance behind the
shock wave at which the over-all chemical relaxation has gone a given fraction
(or percentage) toward completion. The fraction of reaction completion is
defined in terms of the total change in the number of moles per unit mass occur-
ring in the distance x divided by the total change in number of moles per unit

3Tt should be noted that the electron concentration in all of the nonequi-
librium profiles to be presented 1s probably slightly lower than it should be
because doubly ionizing reactions have been neglected. However, for the ambient
conditions considered in this analysis, doubly ionized species would tend to
disappear as equilibrium is approached.

12



mass required to achieve chemical equilibrium and is

k
l'li - nls
X n -n
i=1 1g (
= = = 34)
L k n - njg
S
i=1

In all of the examples that were studied, n and, thus, n were monotonic through-
out the relaxation region in spite of the fact that ny 1is not monotonic for
several species.

Countours of the relaxation distance for n = 0.5, 0.8, and 0.9 are plotted
in coordinates of shock speed and ambient density in figures 12, 13, and 1k,
respectively. These were obtained by interpolation of the solutions. It is seen
in figure 12 that the distance for 50-percent reaction completion is quite short;
not more than 10~ cm for the entire range of shock conditions shown. The dis-
tance for 80-percent reaction completion is roughly a decade higher than for
50-percent completion as noted by comparing figures 13 and 12. Finally, the
relaxation distance for 90-percent reaction completion is quite large, ranging
from 1072 to 102 cm over the entire range of shock conditions.

Tt is worth mentioning that these relaxation distances are not very
sensitive to the reaction rate assumptions. It was noted in reference 1 that a
two to three order of magnitude change in reaction rates results in only a one
order of magnitude change in relaxation distance.

CONCLUDING REMARKS

The interdependent dissociative and ionizing chemical rate processes behind
shock waves in carbon dioxide have been examined for shock speeds from 9 to
20 km/sec at ambient densities of 1072 to 10~* standard earth atmosphere density.
Because of a lack of reaction rate data for carbon dioxide and its components,
reaction rate coefficients have been estimated with the aid of some simplifying
agsumptions and collision theory. The effects of chemical relaxation on the
flow field behind normal shock waves have been studied by use of the coupled
fluid flow and chemical rate equations.

Results have been presented for both the equilibrium and nonequilibrium
regimes behind the shock wave. At the higher speeds (15 km/sec), electrons are
the predominant speciles in most of the nonequilibrium chemical relaxation region.
Atomic oxygen 1s the predominant species in the lower speed examples and is also
present in high concentration at the higher speeds.

Equilibrium concentration of electrons is presented in terms of mole
fraction of the mixture and in terms of number of electrons per unit volume,

13




The equilibrium concentration varies from about 5x10'* to 5X10'® electrons/cc
for a shock speed of 9 km/sec at a density of 10~% standard earth atmosphere
density to 20 km/sec at a density of 107Z,

Results are also presented in the form of a chemical relaxation distance
behind the shock wave. The relaxation distance for 90 percent chemical reaction
completion varies from 10°2 to 10° cm for an ambient density range of 1072 to
10~° standard earth atmosphere density.

The nonequilibrium results obtained are considered to be preliminary
estimates for a number of reasons. They are based on estimates of chemical
reaction rate coefficients. Indeed, it is not certain that the reactions
studied are the correct reactions. Not all of the conceivable reactions have
been included in the analysis. The equilibrium results are in a somewhat better
situation in that they are independent of any estimates of reaction rate coeffi-
cients., They are not influenced significantly by internal excitation phenomena
for the high shock speeds considered.

Interestingly enough, the influence of the state of internal excitation on
most of the chemically relaxing flow field is small insofar as this influence is
manifested through the thermodynamics of the problem. However, it is possible
that dissociation and ionization Pprocesses may proceed more readily from excited
states, in which case the internal state of excitation would be important in the
entire chemical relaxation region.

There is a small part of the nonequilibrium flow field just behind the shock
wave in which the state of internal excitation of the wvarious species has a
strong influence on the flow properties. This region is likely to be quite
important to nonequilibrium radiation problems; thus a knowledge of both the
chemical and internal relaxation is important at high temperatures.

Knowledge of the behavior of these common chemical substances at elevated
temperature is very meager in spite of the fact that they have long been impor-
tant species in many combustion problems. The behavior of these substances has
acquired new significance relating to planetary entry problems. There is much
to be learned both from the macroscopic and the subatomic points of view.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Oct. 23, 1963
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APPENDTX
DISCUSSION OF SPECIFIC HEAT ASSUMPTION

The total enthalpy of a reacting gas mixture behind a shock wave is
essentially fixed by the free-stream velocity. Similarly, pressure is determined
by the free-stream density and velocity. The local temperature (and, indirectly,
the density, particle velocity, and composition) of the reacting gas mixture
behind the shock wave for a given total enthalpy (and set of reaction rate
coefficients) is dependent on the specific heat assumption. In this paper, the
specific heat of each species was assumed constant at its fully excited classical
value. However, the effective specific heat of polyatomic species at elevated
temperatures behind strong shock waves may be less than the fully excited clas-
sical value if the residence time is not sufficient for vibrational degrees of
freedom to become excited. Conversely, the specific heat may be higher than the
classical value if electronic states become excited. The two extremes, no
vibrational excitation,and complete vibrational and electronic excitation, are
examined in the following.

VIBRATTONAL: EFFECTS

Although vibrational relaxation is rapid compared with dissociative relaxa-
tion in COo at lower temperatures (at least for temperatures below 3OOOo X
according to ref. L), the two rates may be comparable at higher temperatures.
For shocked mixtures of Os in a bath of Ar, the vibrational and dissociative
relaxation rates are comparable at temperatures above 8000° K and the dissocia-
tion rate appears to be diminished by at least a factor of 2 where vibration is
not in equilibrium (ref. 21).

To some extent, we can assess the importance of vibrational excitation by
examining the flow-field modifications corresponding to no vibrational excita-
tion. This is accomplished by simply using the appropriate constant specific
heat value for each species in the computation. The result is shown in figures
15 and 16, which can be compared with the full vibrational excitation results
shown in the corresponding figures 7 and 10. It will be noted that although the
flow-field profiles u/ug, p/py, and T/Tg are considerably different in corre-
sponding figures, the concentration profiles are almost the same. The flow-field
profiles differ partly because their reference values ug, Pg> and Tg differ.
It will be shown subsequently that except for very close behind the shock, the
actual profiles of wu, p, and T are almost the same for no vibrational and com-
plete vibrational excitation and that the profiles for the mole fraction and for
the total number of moles are also much alike for these two conditions.

15



ELECTRONIC EXCITATION EFFECTS

Electronic excitation effects may be shown by use of a modified model for
species enthalpy as follows. The solid lines in figures 17(a) through (f) are
the enthalpies of the species CO, O, G, CO", 0%, and C* obtained from refer-
ence 17, based on information from references 16, 22, 23, and 24. The enthalpies
of the species COs and e are not included because the former is only known with
reasonable certainty at relatively low temperatures (~5,OOOo K according to
ref. 17) and the latter is simply obtained by use of its classical specific heat
(éps/ﬁ = 2.5). The slopes of the solid lines in the figures are the specific

heat at constant pressure for each species. In figure 17(a), the slope of the
CO enthalpy curve for temperatures below about ll,OOOO K corresponds to the
classical value for a diatomic molecule that is fully excited in translation,
rotation, and vibration. At higher temperatures, however, the specific heat
(or slope) is higher than the fully excited classical value because electronic
states have also been excited. The other species shown in figure 17 exhibit
similar behavior (to a lesser extent than CO).

To some extent we can evaluate the effects of electronic excitation by
comparing the results obtained in the paper by use of the species enthalpy model
shown in sketch (b) with those obtained by use of revised model shown in

hi-h hi-h7

()

A
Cp;
(Classical value)

Pa)
Ceiy

T
Tref

Sketch (b) Sketch (c)

sketeh (c). The revised model is shown in figure 17 and approximates part of the
solid lines by the dashed lines shown. Thus the enthalpy curve is replaced by
two straight line segments characterized by two values of specific heat Cp;

1

and cpiz.

The revised model is very readily included in the analysis in the following
way. Equation (5) is revised to read

N nO
. = : Al
hy CpiZT + hs ( )
where
AO ANO A A 1
T = hs . - A2
hlz hy + (cpll cpiz) Tref ( )

For conveniernce, Trefi was sélected to be iE,SOOO K fbr all species.
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For T < Tpep, L = 1 (and hll = h as before), while for T > Tyer 1 = 2 and
expression (A2) is used to evaluate hl The procedure for solr}gg the flow
equations is changed only to the extent that two sets of values Eil are used
to replace %g and two sets of wvalues epil are used to replace ePi corre-

sponding to T < Typep Or T > Tyep. The chemical rate equations are unchanged.
The calculation of the boundary conditions is changed slightly. 2 TFor

examples of current interest, Tg > Tper SO that h in equation (13) is
replaced by hl while € 1s the positive root of the equation

-b i.Jb2 - hac

= ~P A
€ om (A3)
which is closest to
VA)
(e -1
P
€ =~ <37;53 - l> (Ak)
R
where
2¢
p
a=-—2 _1 (a5)
R
2
kY
b= - —2 (86)
R
and
N
EnlSTreprlE /C\pll
c=|L- — = 1-3 (A7)
Voo p12

Only a minor change is made in the computation of equlllbrlu% condltlons
In equation (32), the hg on the left side is unchanged, while cpi and h on

the right side are replaced by epi and %g , respectively. 1In the computation,
—1
the proper value for 1 1s determined either by previous experience or by

judging whether or not T < Tpef by examining the solutions of the nonequilib-
rium flow field for suitably large values of x.

?Actually the boundary condltlons are changed in form only F;r”lack of

better information of Gp is (for COs) at high temperatures, it was set equal to
epil = 7. SR and numerically the boundary conditions are unchanged from those for
full classical vibrational excitation in the text.
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Equilibrium results obtained by use of the revised model are shown in
table IT on the lines marked as index 2. In each case they can be compared with
the results of the fully excited classical model marked as index 1. It is seen
that insofar as equilibrium properties are concerned, the differences between
the two models are negligible in the range of shock speed and ambient density

under consideration.

Nonequilibrium results obtained by use of the revised model are shown in
figures 18 and 19 for a shock speed of 15 km/sec at ambient densities of 10~% and
10'2, respectively. A comparison of these figures with figures 7 and 10, respec-
tively, shows that the chemical concentration profiles in both the classical full
vibrationally excited model and the revised electronically excited model are
about the same. These comments apply for shock speeds other than that shown.

Now it is instructive to compare the results for no vibration, full vibra-
tion, and full vibration plus electronic excitation in a slightly different
manner. This is done in figure 20 for shock speed of 15 km/sec and Qw/po = 107%
This time the ordinates in figure 20 are not made dimensionless. The flow-field
guantities u, p, and T differ among the three cases for a short distance behind
the shock (about 0.1 cm or less), but are very close to one another over the
major portion of the relaxation region. Indeed, density and particle velocity
profiles do not differ by more than about 15 percent, while temperature differs
by less than 5 percent for x > 0.1 em, TIn figure 20(b), n the total number of
moles per unit mass and ng the electron mole per unit mass profiles do not
differ by more than 6 and 16 percent among the various cases for x > 0.1 cm.

It may be expected that for these high-speed shock conditions the equilib-
rium species would be single particle species. Therefore, the assumptions
regarding specific heat would not be expected to have a significant effect on
equilibrium conditions. However, it is somewhat surprising that these assump-
tlons have a negligible effect on most of the relaxation region. One reason for
the insensitivity of the relaxation profiles might be as follows. Differential
equation (9) can be written® to show that

dnj
—= . 2
ke (T)po

Starting with a given ni, if T or ky is altered in one direction by a
specific heat assumption, o2 1is likely to be altered in the opposite direction
and tends to compensate. It follows that since these dni/dx are not changed
substantially, neither is du/dx (eq. (7)), o (ea. (1)), or T (eq. (6)). Also
p 1is almost invariant.

In summary, the effects of the specific heat assumption are felt for only a
small distance behind the shock wave. The pressure, enthalpy, density, particle
velocity, temperature, mole fraction, and total number of moles per unit mass
profiles are almost the same through most of the chemical relaxation region for
high shock speed whether there is no vibrational excitation, full vibrational

3The backward reaction is neglected.
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excitation, or full vibrational and electronic excitation. In short, the
influence of the thermodynamics on the chemical relaxation (and relaxation dis-
tance) is small.

In obtaining this result, we have assumed that the reactions and their
estimated rate coefficients are those presented in the paper and have implicitly
assumed that dissociation and ionization proceed with equal probability from any
state of excitation. This may not, in fact, be the case. If it is not, addi-
tional reactions for excitation or different rate coefficients would have to be
employed. Thus the effect of the state of internal excitation of the various
species would manifest itself on the chemically relaxing flow field through the
reactions and their rate coefficients rather than through the thermodynamics.
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TABLE I.- REACTION RATE AND EQUILIBRTUM COEFFICIENT DATA

Bry, Bf s Bcr; Eey
T Reaction cm ar, | k cal g mol @ k cal
C
g mol sec OKarfr g mol cm3 C’Kmcr * g mol
1{C052C0 +0 6.955x1012 0.5]125.75 ] .17141x10*3 |-2.6294 [135.73
2] cOZ2C +0 7.238x1012 .51 256.17 | .17713x107 |-1.1106 |268.57
31 coz2cot + e | 7T.238x1012 .51 323.18 | .41958%107% .72788] 333. 44
L 020" +e- 7.34hx1012 .5 | 314.05 | .L2160Xx10-1°| 1.9483 |307.73
5 cz2zct + e 7.895x1012 .5 | 259.84 | .39181x107% | 1.0415 |264.0k
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TABLE II.- EQUILIBRIUM PROPERTIES BEHIND SHOCK WAVES

= 3 = m a - g — o o — _ . ngpA,
Index 87:;13 1;‘7;“ g%ms ]:m/:;;c dynz}cma 31’( mnle;/gm i, /a fp/00 Ba/f s /0 Bs/f fig /T oo /8 ng/f elez;;ons
1 l.225-r 15 .21539-5 0.8531 0.25995+6 0.13658+5 0.10622 0.29766-12 0.79778-6 .25183  0.031581 0.19304k-5 0.17597 18232 0.3583L  0.49389+17
2 15 .21952-5  .8370 .26024+8  .13560+5  .10510 .38k01-12  .95924-s .26337 .033785 .21357-5 .16901 .18240 .35142 . 48848 +17
1 12.5 .21939-s  .69796 .18072+8  .11453+s  .086466  .21736-10  .227L9-4 47176 .10k8% .92752-5  .053772 15791 21169 . 24194+17
2 12.5 222765 .68739 .18088+  .11377+5  .085799  .26132-10  .26135-4 L7923 .10961 .98346-s  .050384 15517 . 20556 23671427
1 10 .24556-5 4989 .11639+6  .81813+4  .069646  .32026-7 .60672-2 64490 29425 JUTHI0-4 L14682-2 025875 027391 28222418
2 10 .25280-5 4846 11656+ 80172+  .069140  .52716-7 .86535-2 L647k2 29829 .5142B-4  .11296-2 021634 .022815 .24025+18
1 9 .2612k-s 4220 Oh5T24s L69L59+4  .062927  .13080.s 088641 .63327 26712 LT4633-4  .16902-3  .52437-2  .5487h-2  .54348+1s
2 9 .26503-s  .L4159 .94639+s 68763+  .062428  .14951-s 096936 63076 26207 .75370-4  .15606-3 .4BB822-2  .51135-2  .50973+15
1 1.225- 20 J14233-4  L17213+1  L44783+7  .27893+5  .13560 .15333-17  .56869-10  .L2349-2  .11202-2 .10k4O-7  .33088 L16644 Lh9734 .57829+18
2 20 .15891-4  .15418+1  .L45223+7  .25390+5  .134Th  .2720l-18  .40369- .95959-2  .21780-2 .3470l-7  .32766 .16645 .hghi2 .63740+18
1 17.5 .17860-4  .12003+1  .34Gk2rr  .101Mh4s  .12286 .91700-13  .11783-s 094465 .015181  .10337-5 .275k2 16976 L4517 .58852+28
2 17.5 .18689-4 (1147041 .35057+7  .18720+5  .12046 .19600-12  .19988-6 .11351 .018254  .1h1k2-s  .2637h 17037 43410 .58880+18
1 15 .18892-4  .9726 .25775+7  .1594B8+s  .1028k  .B5456-11  .33598-s .21576 .049853  .66453-5  .16610 17108 .33719 .39470+18
2 15 .19522-4  .9413 .25833+7  .15743+5  .10105 .12419-10  .14O9l-s .29429 .054848  .76862-5 15542 17000 . 32542 .38676+18
1 12.5 .19459.4  .T8690 1793617 .13164k+s  .0B41E9  .366L3-9 .6498L 4 . 48552 213395 .25401-4  .054204 13591 1902k .18772+18
2 12.5 .19916-4  .76886 J17963+7 . 1302k+s  .083252 468739 .78166-4 .49613 L1h11h .27395-4  .0L9620 .13168 18133 .18113+18
1 10 .22540-4  .5435 L1158k4+7  .90038+4 068621  .39447-e .013728 . 64692 .29838 .11072-3 14788-2  .018896 .020185 .19089+17
2 10 .23226-4 L5274 .11604+7  .882u8+4  .068060 .60TLUS-s 018672 64773 .29908 .11812-s  .11667-2  .0L5971 .0L7255 21643h+a7
1 9 .23637-4 4664 .94082+¢  .77339+4  .061871  .656lh-s 10692 62715 .25522 .14650-3  .25616-3 JL4gh9B-2  .5352h.2  .47160+18
2 9 .24007-4 4593 U162+ .TEB6L+4 061345  .THLSS5-s .11599 62438 .24963 LAN736-3  .23714%-3 | .46OTL-2 | .L49916-2 | .442BB+1s
1 1.225-5 20 .1351%-3  .18129+1 44558+ .29919+5  .132h8 L17465-23 .13036-7 022268 .07609-2| .41791-8 | .32074 L6474 18550 .52367+19
2 20 L14898-3  .16445+1 | LBA9TI+e  .27912+45  .13001 JAl78l-12 482687 038069 .010566 | .92738-6 | .311k48 16420 47567 .55508+19
1 17.5 .15523-3 | .13810+1 | .3U555+8 | .2282hk+s  .11725 .86962-11  .10809-2 .13182 .030895 | .56776-5 | .22575 16288 . 41864 . 45906+19
2 17.5 \16511-3 | .12983+1 | .34732+8 | .22179+5 | .11402 .18864-10 | .18645.5 .15841 .037261 | .77952-5 | .240lhk 16201 40216 4561h4+19
1 15 .1640k-3 | 1.120 .2550k+s | .18940+5 | .098680 | .2825k-o .15098-4 30478 .076666 | .23341-4 | .15569 15355 .30926 .30162+19
2 15 .17299-3 | 1.062 .25611+8 | .18526+5 | .096069 | .46793-0 .21830-4 33249 .086467 | .28243-4 | 14049 15000 29051 .29088+19
1 12.5 171813 | .89330 L7773+ | 1529645 | .081488 | .73332-8 .20385-3 50438 .16786 .TL1506-4 | .053006 11070 .16378 .13783+10
2 12.5 .17956a | .85279 .17835+s | .1bOWl+s | .079918 | .1131h-7 .28215-3 52357 .18130 .81083-4 | .OLLEOL 10265 L1h743 .12746+19
1 10 204773 | .5982 \11517+a | .1004B+5 | .067292 | .LA4250-5 028585 14489 29477 .25087-3 | .15795-2 | .0140L8 015879 .13182+18
2 10 .2108k4-3 | .5810 .11538+8 | .98697+4 | .06665T7 | .6L409-s .036101 64407 .29232 .26173-3 | .13050-2 | .012187 .013754 .11645+18
1 9 .21201-3 | .5200 .93492+7 | .B7538+4 | .060560 | .34349-4 213046 61919 .23985 .28542-8 | .38652-3 | .45626-2 | .5234k-z2 | .4O49Ll+17
2 9 .21561-a | .5113 .93587+7 | .86952+4 | .060012 | .38383-4 .14038 61614 .23368 .285T1-3 | .35843-3 | .42388-2 | .u8830-2 | .38065+17

NOTE: A group of digits followed by -n (or +n) indicates that the decimal point should be n places to the left (or right) of the position shown.
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Figure 1.- Reaction rate coefficient estimates.
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(b) Species concentration.

Figure 7.- Nonequilibrium profiles; Ue, = 15 km/sec, poo/po = 1074,
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Figure 8.- Nonequilibrium profiles; u, = 9 km/sec, p/p, = 107%.
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Figure 18.- Nonequilibrium profiles with electronic excitation;

Uy, = 15 km/sec, qm/po = 104,
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Figure 19.- Nonequilibrium profiles with electronic excitation;
Uo = 15 km/sec, p, /p, = 107Z.
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(a) Thermodynamic and flow-field profiles.

Figure 20, - Effect of state of internal excitation on chemical relaxation;
U = 15 km/sec, Qm/po = 1074,
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Figure 20. - Concluded.



